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Introduction
Cemented carbides, tool steels and cermets are among the materials used to produce cutting tools, with cemented carbides being the most commonly used. However, in recent years, there has been growing interest in finding alternative materials to conventional cemented carbides due to the high and fluctuating price of Co, which is a reflection of its low abundance as well as its toxicity [1] . In this respect, in 2011, WC-Co was included in the '12th Report on Carcinogens' of the US Department of Health & Human Services as one of 240 substances that may increase risk for cancer both as a powder and as a sintered material [2] . Ti(C,N)-based cermets could be a competitive alternative to conventional WC-Co because, although cermets show lower toughness, they present superiority over cemented carbides in terms of other properties such as hardness, wear resistance and oxidation resistance [3, 4] .
However, the metallic matrices used in Ti(C,N)-based cermets are Ni and/or Co, which also show a risk of toxicity.
There are several studies [5] [6] [7] that propose the use of Fe as a metallic matrix for cermets, as it is non-toxic and cheaper than Co or Ni, with the additional advantage of being able to be hardened by heat treatment. The disadvantage observed in processing Fe-matrix cermets is their poor wettability on Ti(C,N) particles during sintering in the liquid phase, which can be improved by the addition of alloying elements and compounds such as Cr, Mo, Mo 2 C or W [8] . Thus, in the present work, the metallic matrix chosen was a high-speed steel, M2 grade, which contains W, Mo and Cr. These alloying elements enhance different properties of the cermets with respect to those of a plain Fe matrix: (1) W, Mo and Cr improve the wettability between phases during sintering; (2) W and Mo are carbide formers that increase the hard phase of the compound; and (3) Cr increases the oxidation resistance of the material.
The materials used to manufacture tools must possess certain characteristics required by a given application, such as oxidation resistance to withstand the high temperatures reached during operation. The literature reveals many studies regarding the oxidation resistance of cemented carbides at high temperatures [9] [10] [11] [12] [13] [14] , as well as some investigations related to the thermodynamic stability of Ti(C,N)-based cermets [15] [16] [17] with conventional matrices.
However, the studies related to Fe matrix composites are scarce. Nevertheless, it is worth mentioning the work of Wittmann [6] , who compared the oxidation resistance of a cemented carbide with that of a conventional Co matrix and that of an Fe matrix; and the study by Gómez [18] , who studied the oxidation resistance of an M2-Ti(C,N) cermet, demonstrating the superior oxidation behaviour of the Ti(C,N) cermet with respect to that of the base material M2.
The present work extends the investigation carried out by Gómez by studying the effect of heat treatment on the oxidation behaviour of the same cermet. This study was motivated by the fact that the hardness of the heat-treated cermet increases by 25 % compared to that of the sintered one, and the fracture toughness also improves by 40 % [19] ; therefore, it is necessary to study to what extent the metallurgical changes leading to the improved mechanical properties affect the oxidation behaviour of cermet. A comparison of the oxidation resistance of the sintered M2-Ti(C,N) cermet with that of two commercial materials used in the cutting tool industry, a cemented carbide and a high-speed steel, was also conducted.
Materials and experimental procedure.
The composite material studied is composed of a high-speed steel, M2 grade, as the matrix and 50 vol% particles of Ti(C 0.5 N 0.5 ) as a reinforcement. The composition of the M2 steel was 6.2 wt. % W, 4.8 wt. % Mo, 4.1 wt. % Cr, 1.8 wt. % V, 0.85 wt. % C and Fe balance; 0.5 wt.
% of graphite was also added. The density and particle size of the starting powders are given in Table 1 . The samples were prepared by the conventional powder metallurgy route. Powders were mixed for 4 hours in a Turbula® mixer and then pressed in a uniaxial die at 750 MPa to obtain cylinders measuring 16 mm in diameter and 5 mm in height. The green compacts were sintered in vacuum (10 -4 mbar) at 1400 °C for 60 minutes. The sintered materials were submitted to heat treatments similar to those normally applied to the high-speed steel used for the matrix, that is, austenitising at 1200 ºC for 60 min under an Ar atmosphere, quenching in oil and double tempering at 560 °C for 60 minutes. The optimal conditions of the treatment were determined in a previous study in which other temperatures and times were studied [20] . Both as-sintered and heat-treated samples were characterised by scanning electron microscopy (SEM) and X-ray diffraction (XRD), and hardness was also measured as the control parameter of the heat treatment.
Isothermal oxidation tests were conducted in a muffle furnace in static air under different conditions: (1) The time was varied (12, 24, 48, 72 and 120 hours) at a fixed temperature (1000 ºC) to study the oxidation kinetics. Samples of the M2-Ti(C,N) cermet in both the assintered condition and after the heat treatment were tested. The surface of all of the samples was prepared in the same way, by sequentially grinding with silicon carbide (SiC) abrasive papers up to 1000 grit. The samples were introduced into the furnace chamber, maintained at the predetermined temperature for the specified time and were taken out once the holding time at the temperature was reached. (2) The temperature (500 ºC, 800 ºC, and 1000 ºC) was varied over a fixed time of 120 h. Samples of the M2-Ti(C,N) cermet and samples of commercial materials were submitted to these conditions. The commercial materials were used as a reference for the behaviour of the cermet under study, and for this purpose, a high-speed steel (M2 grade) and a cemented carbide (WC-10Co) were chosen.
In all cases, the samples were placed into the furnace in alumina crucibles and maintained under the selected conditions of the experiment. After the experiment, the mass was measured to calculate the change in mass per unit area. To study the microstructure and composition of the oxide scales, the samples were cut perpendicularly to the surface and the cross-section analysed by SEM and energy dispersive X-ray spectroscopy (EDX). As three different layers were observed by SEM, they were also analysed by XRD to determine the oxides present. The XRD analyses were performed on the surface of the samples, carefully removing the top layer after the analysis by polishing to expose and analyse the next layer.
The free energy of formation of different oxides was calculated using the software HSC 4.1.
Thermodynamic calculations of the oxide scales formed in the M2-Ti(C,N) cermet during isothermal oxidation at 1000 ºC were conducted using the Thermo-Calc software with the SSUB4 database [21] .
3. Results and discussion. the heat-treated sample shows a hardness increase of 25 % with respect to the hardness of the as-sintered sample. Therefore, the steel matrix could be composed of different phases after the heat treatment. Figure 2 shows the results of the XRD analysis performed on the sintered and heat-treated cermets. This result could be explained by the transformations that take place during heat treatment.
Characterisation of the as-sintered and heat-treated M2-Ti(CN) cermet
During the austenitising step, the carbides of alloying elements from the high-speed steel are dissolved in the iron matrix, increasing the concentration of carbon and alloying elements in the matrix and stabilising the austenite such that, after quenching, the microstructure would contain retained austenite enriched with alloying elements, together with martensite. The increase of in temperature during the first tempering favours the diffusion of the alloying elements outside the austenite and leads to the formation of secondary carbides and martensite. In the second tempering, the retained austenite transforms completely, and consequently, the austenite phase (Fe-γ) is not present in the XRD pattern of the heattreated sample. The final quantity of the carbides after the double tempering is lower than that in the as-sintered sample, as demonstrated in the microstructures shown in Figure 1 , meaning that part of the alloying elements remains dissolved in the iron matrix. It is important to take this fact into account because it is one of the factors affecting the different oxidation behaviour of the as-sintered and heat-treated materials. 
Oxidation kinetics of as-sintered and heat-treated M2-Ti(CN) cermets
The oxidation kinetics were determined by measuring the mass gain after the oxidation experiments carried out at 1000 ºC for different exposure times: 12, 24, 48, 72 and 120 hours. In Figure 3 , the mass gain with respect to the exposure time of the sintered and heat-treated cermets is represented. The mass gain rate of the sintered sample at short exposure times is higher than the mass gain rate of the heat-treated one, whereas this behaviour is altered after an exposure time of 24 hours, as shown in Table 2 . Thus, although the mass gain of the sintered sample is higher at early stages of the oxidation test, the final mass gain of the as- The oxides present in the oxidation layers were studied by XRD analysis and SEM-EDX, and the results are shown in Figure 5 . 
Characterisation of oxide scales of as-sintered and heat-treated M2-Ti(C,N) cermet

Thermodynamic studies
A thermodynamic study was performed by calculating the stability of the main Fe and Ti oxides with respect to the temperature using the HSC 4.1 software program, and the mass fraction of those oxides as a function of the oxygen partial pressure was calculated using Thermocalc software.
In Figure 7 , the Gibbs free energy as a function of the temperature for the reaction of Fe, TiC To understand the thermodynamic stability of the oxides, the mass fraction of the equilibrium phases with respect to the oxygen partial pressure was calculated as it has been performed in others works found on the literature [22] , and it is shown in Figure 8 . In this graph, only the mass phase fraction of the main oxides observed after the oxidation experiment is presented, namely, TiO 2 , FeTiO 3 , Fe 3 O 4 and Fe 2 O 3 , as a function of the oxygen partial pressure (P(O 2 )). The phases that appear at lower P(O 2 ) can be assumed to exist in the inner layer close to the bulk material, and the phases that appear at higher P(O 2 ) can be assumed to exist in the outer layer of the oxidation surface.
The results show that TiO 2 and FeTiO 3 appear at low P(O 2 ), whereas the iron oxides appear 
Oxidation surface morphology
Another difference observed when comparing the sintered and heat-treated cermets after the oxidation experiments performed in a furnace at 1000 ºC for 120 h is their surface morphology, shown in Figure 9 . The oxidation surface of the as-sintered cermet has a smooth morphology, in contrast with the surface morphology of the heat-treated cermet, which exhibits spheres growing on top of each to form a columnar shape. This morphology may indicate the escape of gases during the oxidation process. Figure 9 . Morphology of the oxidation surface of as-sintered and heat-treated M2-Ti(C,N) cermets after oxidation experiment performed at 1000 ºC for 120 h in a muffle furnace.
Oxidation mechanism
Considering all of the results obtained, the oxidation mechanisms of the M2-Ti(C,N) cermet in the as-sintered and heat-treated conditions can be proposed.
The schematic diagram shown in Figure 10 This is one of the differences observed with respect to the oxidation of the heat-treated samples, whose significance will be explained later.
This mechanism is in accordance with the oxidation kinetic law. During the early stages of oxidation, the mass gain rate is higher, and after the formation of the protective layer, the mass gain rate decreases. The schematic diagram shown in Figure 11 Figure 9 . This morphology has also been related to selective oxidation in another study [25] . 
Comparison with commercial materials
To complete the study, the oxidation resistance of the M2-Ti(C,N) cermet was compared with the oxidation resistance of two commercial materials used in the fabrication of cutting tools, namely, a high-speed steel (M2 grade) and a cemented carbide. Figure 12a shows the effect of temperature on samples of the three materials after oxidation tests performed at 500 °C, 800 °C and 1000 ºC for 120 h. Figure 12b shows the mass gain of the materials with respect to the oxidation temperature after the oxidation experiments were performed in a muffle furnace.
At 500 °C, none of the samples studied exhibit geometric changes and the three materials show almost no mass change. However, after the oxidation tests at 800 °C, the commercial materials, high-speed steel (M2) and cemented carbide, show catastrophic oxidation, leading to a total disintegration of the material, whereas the cermet maintains its cylindrical shape.
This behaviour is in accordance with the mass gain results shown in Figure 12b . The mass gain of the commercial materials after the oxidation test performed at 800 ºC is much higher than the mass gain of the sintered cermet, with the high-speed steel sample presenting the highest mass gain. After the oxidation experiment performed at 1000 ºC for 120 h, the mass gains of the M2-Ti(C,N) cermet, the cemented carbide and the high-speed steel were 24.4, 162.5 and 334.5 mg/cm 2 , respectively. The mass gain of the commercial materials decreases drastically due to the liberation of volatile oxides formed, which promote the catastrophic oxidation and complete disintegration of the samples, as shown in Figure 12a . By comparing the oxidation behaviour of the commercial high-speed steel with that of the cermet, a lower mass gain of the composite material is observed. This discrepancy is observed because the presence of the Ti(C,N) particle reinforcement allows for the formation of a protective layer of TiO 2 and FeTiO 3 , which prevents the oxidation of the bulk material. The oxidation behavior of the as-sintered material was also compared to the behavior of two commercial tool materials: a high-speed steel and a cemented carbide. The superiority of the cermet in the conditions studied was demonstrated, and explained by the formation of a protective layer of TiO 2 and FeTiO 3 during the oxidation process. Relative intensity (a. u.) 
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